Sex pheromones form an important facet of reproductive strategies in many organisms throughout the Animal Kingdom. One of the oldest known sex pheromones in vertebrates are proteins of the Sodefrin Precursor-like Factor (SPF) system, which already had a courtship function in early salamanders. The subsequent evolution of salamanders is characterized by a diversification in courtship and reproduction, but little is known on how the SPF pheromone system diversified in relation to changing courtship strategies. Here, we combined transcriptomic, genomic, and phylogenetic analyses to investigate the evolution of the SPF pheromone system in nine salamandrid species with distinct courtship displays. First, we show that SPF originated from vertebrate three-finger proteins and diversified through multiple gene duplications in salamanders, while remaining a single copy in frogs. Next, we demonstrate that tail-fanning newts have retained a high phylogenetic diversity of SPFs, whereas loss of tail-fanning has been associated with a reduced importance or loss of SPF expression in the cloacal region. Finally, we show that the attractant decapeptide sodefrin is cleaved from larger SPF precursors that originated by a 62 bp insertion and consequent frameshift in an ancestral Cynops lineage. This led to the birth of a new decapeptide that rapidly evolved a pheromone function independently from uncleaved proteins.
Introduction
Sex pheromones, molecules that are secreted by an individual to elicit a reaction in an individual of the other sex, form an important element of courtship and reproduction in the Animal Kingdom. One of the oldest known vertebrate sex pheromone systems is the Sodefrin Precursor-like Factor (SPF) system, a family of proteins that already had a courtship function early in salamander evolution (Van Bocxlaer I, Treer D, Maex M, Vandebergh W, Janssenswillen S, Stegen G, Kok PJR, Willaert B, Matthijs S, Martens E, Mortier A, De Greve H, Proost P, Bossuyt F, downloaded from http://dx.doi. org/10. 7287/peerj.preprints.457, last accessed August 26, 2014) . In advanced salamanders (Salamandroidea), which reproduce by internal fertilization without copulation (i.e., males deposit a spermatophore that females pick up with their cloaca), male SPF proteins have been demonstrated to accelerate or induce spermatophore pickup in two families. In terrestrially courting Plethodontidae (lungless salamanders), these molecules are widely used and are either slapped on the nose of the female with the male's mental gland or scratched into the female's skin by his premaxillary teeth (Arnold 1977; Houck and Reagan 1990; Houck and Sever 1994; Houck and Arnold 2003; Houck et al. 2008 ). In the family Salamandridae, the use of SPF proteins was shown in the aquatically courting newt species Lissotriton helveticus, where pheromones are produced in the male abdominal gland and tail-fanned toward the female's nostrils (Wambreuse and Bels 1984) .
These proteins persuade females to follow the male's path, which culminates in spermatophore pick-up without substantial physical contact between both sexes. In both families, SPF courtship pheromones are effective as full-length proteins, that is, after removal of an N-terminal signal peptide, they are not further cleaved to obtain functional proteins.
In addition to full-length courtship pheromones, males of the salamandrid genus Cynops use a small peptide (sodefrin, or one of its variants) that is cleaved posttranslationally from a larger SPF-precursor protein (Kikuyama et al. 1995; Iwata et al. 1999) . This decapeptide was shown to be able to attract females from a short distance (i.e., an attractant pheromone) and to be species-specific (Iwata et al. 1999; Yamamoto et al. 2000) . The SPF-family thus has evolved in multiple mature forms (uncleaved proteins and cleaved peptides) that can influence behavior in salamanders in different ways and can therefore be considered important components of salamander courtship.
Salamandridae form an ideal family to study the evolution of pheromones in relation to courtship diversification. The proposed ancestral courtship mode of salamandrids is the use of amplexus, a form of contact also known in anurans, in which the male embraces the female as part of the mating process (Houck and Arnold 2003) . Several species of salamandrids display modified forms of amplexus, often accompanied by tail-fanning or by male use of specific courtship glands (Arnold 1977; Halliday 1977 Halliday , 1990 Houck and Arnold 2003; Sever 2003) . In contrast, most aquatically courting Eurasian salamandrids lack amplexus or another form of strong physical contact, and largely rely on the use of pheromones to lead females over a spermatophore. Little is known on how the use of SPF pheromones has diversified in relation to such evolutionary transitions in courtship behavior.
Here, we combined transcriptomics, genomics, and phylogenetics to study the evolution of SPF pheromones in nine salamandrid species with diverse courtship strategies. First, we combined our transcriptomic data with relevant sequences in the genome of other vertebrates to reconstruct the evolutionary origin of the SPF pheromone system. Next, we studied the evolutionary dynamics of this pheromone system by investigating how SPF precursor diversity in the cloacal region in salamandrids has evolved in species with distinct mating strategies. Finally, we combined our transcriptome data with known relationships of salamandrids to demonstrate how and when a new decapeptide pheromone originated from full-length SPF precursors in the genus Cynops.
Results and Discussion

SPF Transcript Diversity in Salamandridae
The cloacal tissue of 14 sexually active animals (nine males and five females, of nine species) was sampled and 96 cDNA transcripts per tissue were amplified and sequenced with a diverse set of primers (supplementary table S1, Supplementary Material online). When grouping into contigs of 99% identity, 158 different SPF transcripts (GenBank numbers KM463769-KM463825, KM463827-KM463845, KM46 3847-KM463884, KM463886-KM463889, KM463891-KM463933) were obtained from 10 of the 14 cloacal tissues investigated (table 1) . Our cDNA sequences indicate a high intra and interspecific SPF transcript diversity, with coding cDNA sequences ranging from 21 to 229 amino acids. Part of this observed variation is caused by multiple duplications in SPF genes during the evolution of Caudata (salamanders), which has expanded the extant arsenal of expressed SPF proteins (Van Bocxlaer I, Treer D, Maex M, Vandebergh W, Janssenswillen S, Stegen G, Kok PJR, Willaert B, Matthijs S, Martens E, Mortier A, De Greve H, Proost P, Bossuyt F, downloaded from http://dx.doi.org/10.7287/peerj.preprints.457, last accessed August 26, 2014). However, our results indicate that additional mechanisms underlie the transcript diversity in Salamandridae. First, we observe large deletions (up to 141 AAs) coinciding with one or multiple exons in our SPF transcripts, indicating that transcript diversity is partly caused by exon-skipping (supplementary fig. S1 , Supplementary Material online). The exons were previously predicted by aligning our cDNA transcripts with SPF-like genes of Silurana tropicalis, and by sequencing SPF exon boundaries in the DNA of one salamandrid species (see Materials and Methods). Second, we observe nucleotide insertions that are not a multiple of three, and cause frameshift mutations (supplementary fig. S1 , Supplementary Material online). These transcripts are characterized by the introduction of a premature or delayed stop codon, and may be deleterious (Ohno 1970; Hillman et al. 2004) or generate entirely different proteins and peptides (Tokunaga et al. 1998; Neu-Yilik et al. 2004; Taylor and Raes 2004; Raes and Van de Peer 2005) . Third, we find transcripts in which the first part is identical to one transcript while the remaining part corresponds to another transcript, suggesting recombination at the gene or transcript level (supplementary fig. S1 , Supplementary Material online). The three kinds of transcripts are a result of multiple genetic mechanisms in which genomic and/or transcriptional levels have played a role. These combined observations thus identify SPF as a multiple-gene pheromone protein family encoded by hypervariable transcripts.
Origin of the SPF Protein Pheromone System
The often large genome size of salamanders has entailed that no complete caudate genome sequences are available so far, and the genomic position and origin of SPF pheromoneencoding genes have remained elusive. We therefore identified homologous genes in other vertebrates (see Materials and Methods) and reconstructed phylogenetic relationships based on their translated sequences. Comparison of our SPF sequences with domain databases identifies salamander pheromone precursors as members of the Three-Finger Protein (TFP) superfamily. These proteins contain one or several domains of a three-finger motif, which is defined by a distinct disulfide-bonding pattern between cysteines (Petranka et al. 1992; Fleming et al. 1993; Casey et al. 1994; Noel et al. 1998; Palmer et al. 2007 ). The full length of most caudate SPF precursors encodes for a two-domain TFP (2D-TFP), with an anterior 10-cysteine motif followed by a posterior 8-cysteine motif, or with an anterior 8-cysteine motif followed by a posterior 6-cysteine motif) (supplementary fig. S2 , Supplementary Material online). Screening of the S. tropicalis frog genome for 2D-TFP genes resulted in 26 sequences on 11 incomplete genomic scaffolds, likely representing fragments To infer phylogenetic relationships among vertebrate 2D-TFP genes, and to identify the origin of the SPF protein pheromone system, we combined a representative set of salamandrid SPF-precursors with relevant vertebrate translated genes and transcripts in a data matrix of 95 sequences. Sequences of teleost fishes were chosen as outgroup sequences, a choice that is supported by phylogenetic analyses of TFP-domains (see Materials and Methods, and supplementary fig. S3 , Supplementary Material online). Bayesian and maximum likelihood (ML) analyses, using 12 alternative alignment strategies, consistently recovered two amphibianspecific 2D-TFP clades, indicating that this result is independent of alignment ambiguity (supplementary table S3, Supplementary Material online). Importantly, all pheromone precursors of Plethodontidae and Salamandridae, including that of the decapeptide sodefrin in Cynops, together with a single frog sequence fall in a distinct clade that is strongly supported (posterior probability = 0.98; fig. 1b , henceforth referred to as the SPF clade). The position of the frog sequence within the SPF clade remains unclear, and low support values could indicate a basal position (all salamander SPFs form a clade) or a position more closely related to part of the salamander SPFs. Expressed sequence tags (ESTs) of this SPF gene in the frog S. tropicalis were detected in the gastrula stage of a Silurana embryo (supplementary table S2, Supplementary Material online), where it is not expected to have a pheromone function, but its presence in sexually active frogs is unknown. Similarly, little is known about the function of 2D-three-finger motif (TFM) proteins outside the salamander SPF clade in both amniotes and amphibians. In snakes, several 2D-TFM proteins have been identified as phospholipase inhibitors (PLIs). They are present in the snake's blood and have been postulated to be endogenous venom neutralizers against their phospholipases A2 (Dunn and Broady 2001) . In anole lizards, EST counts of 2D-TFM proteins indicate that they are mainly expressed in male testes and dewlap, and in female ovaries, suggesting a function in reproduction (supplementary table S2, Supplementary Material online). However, at present, no pheromone function has been shown for any of these proteins.
Phylogenetic relationships of sequences in the SPF clade indicate several salamander-specific gene duplications ( fig. 1b) , which gave rise to multiple copies of SPF genes from which the pheromone repertoire could expand.
Interestingly, each of the species for which we found SPF precursors has retained copies that represent the basal split in SPF diversification ( fig. 1b) 
Multiple Pheromone Precursors Are Present in TailFanning Newts
Given that the pheromone function of SPF likely dates back to the earliest salamanders, all extant salamanders potentially could make use of these pheromones during courtship. However, since courtship strategies vary enormously between salamanders, it is equally possible that some of these pheromones have become less important, were lost, or shifted expression to other glands during caudate evolution. To predict whether cloacal SPF maintained a pheromone function in aquatically courting salamandrids, we compared the number of precursors expressed in the cloaca and/or abdominal gland of multiple species. Screening of cDNA often shows a high diversity of precursors in the sexually dimorphic glands (Houck and Arnold 2003; Palmer et al. 2007 ) and high precursor abundance can therefore be used as an indication of pheromone use (Palmer et al. 2007) .
We found important differences in the number of transcripts in the cloaca, ranging from zero to 47. As could be expected, the male cloaca on average contains much more SPF precursors than that of females (table 1) . Additionally, the two species in our study that both independently lost tailfanning display during courtship (Houck and Arnold 2003) had the least amount of SPF precursors in their cloacal region ( fig. 2) . First, in Taricha granulosa, only five SPF transcripts were detected using a large set of primers. Males of this species rub their submandibular glands over the female's nostrils during dorsal amplexus, and it has been suggested that pheromones are transferred via that gland (Smith 1941; Davis and Twitty 1964; Sever 2003) . Second, in Euproctus platycephalus, we could not detect SPF precursors in the cloaca, despite intensive screening with multiple primer combinations. The male of this species transfers spermatophores from his hooklike extended cloaca to the female cloaca (Alcher 1981; Wells 2010) . This direct transmission, sometimes assisted by the spurs on the male hind legs, resembles copulation and may have obviated pheromone use from the cloacal region. Our screening suggests that, in both lineages independently, loss of tail-fanning behavior has been accompanied with a reduced importance or loss of SPF in their cloaca. In contrast, our study predicts that SPF is likely to have a pheromone function in the majority of tail-fanning, aquatically reproducing salamandrids. Although these species display essential variations in courtship behavior, they all use some form of tail-fanning to induce the typical female responses that lead to spermatophore pickup (Arnold 1977; Malacarne and Giacoma 1986; Halliday 1990; Kikuyama and Toyoda 1999; Houck and Arnold 2003) . Although this study does not cover possible expression of SPF in other glands (i.e., outside the cloacal region, of special interest in species that are not tail-fanning), our results suggest that alpha and beta SPF proteins both may be used as sex pheromones in tail-fanning salamandrids ( fig. 1b) . In the clade of Eurasian modern newts ( fig. 2 , clade indicated with -A), this has resulted in female following behavior with no, or a limited amount of physical contact between both sexes.
The Birth of a New Pheromone
The first characterized salamandrid pheromone was the decapeptide sodefrin, which was shown to function as an attractant in the red-bellied newt, Cynops pyrroghaster (Kikuyama et al. 1995) . Our phylogenetic analyses indicate that the precursors of these pheromones are beta SPF's ( fig. 1b) , but their cDNA sequences essentially differ from other SPF precursors by the presence of a 62-bp insert ( fig. 3) . As a consequence, the last part of the sodefrin precursor has an amino acid sequence that results from a frameshift and cannot be aligned with any of the other SPF sequences. Interestingly, it is exactly the frameshifted sequence that contains the sodefrin amino acid sequence SIPSKDALLK ( fig. 3) . The 62-bp insert and the resulting frameshifted sequence contain several lysinearginine (KR), arginine-arginine (RR), or arginine-x-x(-x-x)-arginine positions (RXX(XX)R) that typically represent cleavage sites in secretory peptide precursors ( fig. 3) . The latter flanks the sodefrin decapeptide and allows the posttranslational cleavage from its precursor to SIPSKDALLK-ISA, followed by further degradation or cleavage of the last three amino acids.
To reconstruct the origin of this decapeptide, we investigated whether other species also expressed these deviating beta SPF precursors that would allow expression of such a peptide. Despite intense screening with multiple pairs of primers specifically designed to detect precursors of sodefrin and its variants (supplementary table S1 , Supplementary Material online, see also Materials and Methods), we could not detect such precursors in any of the other salamanders. One of the SPF precursors of L. montandoni shows the same decapeptide when a frameshift is introduced in silico (Osikowski et al. 2008 ), but no precursors that actually could result in cleavage of that decapeptide were detected. This strongly indicates that the sodefrin precursor originated after the split of Pachytriton from Cynops, which has been estimated at about 34.3 Ma (Zhang et al. 2008) . Furthermore, the presence of a variant in the sword-tailed newt, C. ensicauda (Yamamoto et al. 2000) indicates that the decapeptide originated before the divergence of C. pyrrhogaster from C. ensicauda, an event that has been estimated at 26.5 Ma (Zhang, et al. 2008) . As a consequence, the most parsimonious interpretation of our analyses indicates that the decapeptide pheromone originated approximately between 34.3 and 26.5 Ma, and obtained a pheromone function in this ancestral Cynops lineage. Our analyses throw light on how a random male signal can become a pheromone for females, even though the new decapeptide shows no similarity to existing salamander FIG. 2. Pheromone precursor diversity during salamandrid evolution. The phylogenetic tree follows Zhang et al. (2008) . The presence of amplexus and tail-fanning behavior during courtship is indicated per species as present (black circle), absent, (white circle), or facultative (black and white circle). The number of alpha and beta SPF transcripts (contigs at 99% identity) in males is indicated at the right (alpha SPF in red, beta SPF in green, beta SPF sodefrin in orange). The red and green squares indicate the inferred presence of alpha and beta SPF precursors, respectively. The red and green triangles denote the inferred loss of alpha and beta SPF, respectively. The orange triangle represents the inferred origin of beta SPF sodefrin. The origin of tailfanning (+TF), the loss of amplexus (-A), and the independent loss of tail-fanning (ÀTF) in Taricha and Euproctus are shown. The figures illustrate the courtship strategies (male in gray, female in white).
signals. First, the new peptide could easily originate, because it is derived from a family of proteins that are abundantly expressed. All SPF precursors likely share the same biosynthetic pathways and thus form an ideal starting point for the origin of new signals. Organisms often secrete chemicals as by-products and waste products (Steiger et al. 2010 ) that initially do not contain intended information (Schaefer and Ruxton 2012) . Second, the signal could easily be maintained without having a pheromone function yet. Indeed, our phylogenetic reconstructions indicate that both alpha and beta SPF proteins were expressed in the Cynops ancestor at the timing of the origin of sodefrin ( fig. 2) , and that the new signal originated in the shadow of existing uncleaved pheromones. The decapeptide could thus be retained before it had a biological function, because the other transcripts continued to fulfill their pheromone function (Raes and Van de Peer 2005) . Finally, we hypothesize that this association with functional pheromones has predestined the decapeptide to become a sex pheromone. Because both the place and timing of expression are identical, the new cue not only was more likely to provide a starting point for a relevant signal, but was also biased toward a function in sexual communication. Most animal olfactory systems are equipped with a broad enough range of relatively nonspecific receptors to allow such new chemicals to be detected and evolve into a pheromone (Wyatt 2003) .
Materials and Methods
Species and Tissue Sampling
We sampled the cloaca of the following broad range of tailfanning salamandrid representatives, based on their phylogenetic position (Zhang et al. 2008 ) and variability in mating behavior strategies: Pachytriton granulosus and C. pyrrhogaster (modern Asian newts), L. vulgaris, L. helveticus, and Ichthyosaura alpestris (modern European newts), Notophthalmus viridescens (New World newt with amplexus), and Pleurodeles waltl (primitive newt with amplexus). We also sampled two species that do not show tail-fanning behavior during courtship, E. platycephalus (a newt with amplexus from Sardinia) and T. granulosa (a New World newt with amplexus). Additionally, we analysed the cloaca of the females of five tail-fanning species (L. vulgaris, L. helveticus, I. alpestris, N. viridescens, P. waltl) that show a variety of courtship strategies. Animals were collected 1) from a pond in Haacht, Belgium (L. vulgaris, L. helveticus and I. alpestris) with permission of Agentschap voor Natuur en Bos (permit ANB/BL-FF/ V12-00050); 2) from the pet trade Squama, Herent, Belgium (N. viridescens, Pa. granulosus and C. pyrrhogaster); 3) or from hobby-breeders (P. waltl and E. platycephalus). Animals were brought into courtship mood by species-specific temperature/daylight/moisture manipulation. The courtship mood was assessed by 1) a swollen belly in females, and 2) species-specific morphological changes in males: Swollen cloaca (all species), tail crest (L. helveticus, L. vulgaris, I. alpestris), bright white spots at the end of the tail (Pa. granulosus), nuptial pads and/or spurs on limbs (E. platycephalus, N. viridescens, T. granulosa, P. waltl), overall skin roughening (T. granulosa), and neck glands (C. pyrrhogaster). Additionally, if both sexes were available, opposite genders were brought together for mating, and only females that showed responsive courtship behavior were used in the study. Animals were euthanized in accordance with EU and Belgian regulations concerning animal welfare, and the cloacal region was sampled in 1 ml of RNA-later (Life Technologies).
Amplification and Cloning of Salamander SPF Precursors
For each tissue, 1 mg total RNA (A 260 /A 280 ratio's between 1.7 and 1.8) was isolated with Tri Reagent T9424 (Sigma Aldrich). First strand cDNA was generated with the SMARTer RACE cDNA Amplification Kit of Clontech. Precursors were identified using both polymerase chain reaction (PCR) and
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The origin of a decapeptide pheromone. Comparison of the nucleotide and amino acid sequences of a beta SPF precursor with a sodefrin precursor. The 62-bp insert (turquoise) has caused a frameshift that leads to the origin of the decapeptide sequence (orange rectangle) and a premature stop codon. Asterisks show identical nucleotides.
RACE-PCR. For PCR, we screened with two degenerate SPF primers (SPF1 and SPF2, see supplementary table S1, Supplementary Material online; [von Reis 2007] ). The PCR reaction was executed with Advantage High Fidelity 2 PCR kit (15 ml PCR-grade water; 2.5 ml 5Â HF 2PCR buffer; 1 ml dimethyl sulfoxide (DMSO); 2.5 ml 50Â HF 2 dNTP mix; 1 ml SPF1F primer (10 mM); 1 ml SPF2R primer (10 mM); 1 ml cDNA (9 ng/ml); 1 ml 50Â Advantage HF 2 polymerase mix) with cycle 94 C for 3 min/4Â (94 C for 45 s/53 C for 45 s/ 72 C for 90 s)/30Â (94 C for 30 s, 53 C for 30 s/72 C for 1 min)/72 C for 7 min. To enhance our chance of obtaining a broad range of SPF precursors, we designed 14 new RACEprimers (supplementary table S1, Supplementary Material online). For RACE-PCR, we used the Advantage High Fidelity 2 PCR kit (13.5 ml PCR-grade water; 2.5 ml 5Â HF 2PCR buffer; 1 ml DMSO; 2.5 ml 50Â HF 2 dNTP mix; 2.5 ml Universal RACE Primer Mix (UPM mix; 2 mM UPM1 + 0.4 mM UPM2); 1 ml SPF primer (10 mM); 1 ml cDNA (9 ng/ ml); 1 ml 50Â Advantage HF 2 polymerase mix) in the cycle reaction 5Â (94 C for 30 s/72 C for 3 min), 5Â (94 C for 30 s/70 C for 30 s/72 C for 3 min), 25 Â (94 C for 30 s/68 C for 30 s/ 72 C for 3 min). After checking on a 1% electrophorese gel, PCR products were purified with the QiaQuick PCR purification kit (Qiagen) and 2 ml was used for cloning into a pGEM-T Easy vector (PROMEGA). Two microliters of the ligation products were inserted into 50 ml TOP10 chemically competent cells (Invitrogen) that were grown overnight on LBagar (25 ml) plates containing Ampicillin (50 ml/ml) and X-Gal (40 ml 20 mg/ml). Sequencing was done using a Big Dye Terminator Cycle Sequencing Kit v3.1 (Applied Biosystems, PE; identical protocol as in manual) on a GeneScan 3100 automated sequencer (Applied BioSystems). For each tissue, we sequenced one side of 96 colonies that were randomly selected from amplified products obtained with the largest primer diversity. Electropherograms were read using the CodonCode Aligner 3.7.1.1 software package (CodonCode Corporation) and nucleotide sequences of the coding region were compiled using a 99% similarity threshold, after quality trimming to eliminate differences due to PCR error. Transcripts with premature stop codons greater than 50 nt upstream of the final exon are often targets of nonsense mediated decay (Nagy and Maquat 1998) , but since many contraexamples exist (Tokunaga et al. 1998; Neu-Yilik et al. 2004 ), all transcripts were withheld for comparing interspecific transcript diversity ( fig. 2) . To understand transcript diversity, we checked for conservation of the exon boundaries in the DNA of P. waltl. DNA [A 260 /A 280 ratio of 1.9] was isolated from limb muscle tissue using the DNeasy Blood & Tissue Kit (Qiagen). DNA amplification was retrieved with an additional primer set (supplementary table S1, Supplementary Material online) in a PCR executed with JumpStart RED Accu Taq LA DNA polymerase (18 ml PCRgrade water; 1.25 ml dNTP, 0.5 ml of each primer (SPF17F and SPF18R); 2.75 ml buffer; 1 ml Taq polymerase; 1 ml DNA (50 ng/ml)) in a temperature cycle reaction of 96 C for 30 s/ 30Â (94 C for 15 s/62 C for 30 s/68 C for 20 min)/68 C for 30 min. After checking on a 1% electrophorese gel, PCR products were purified with the QiaQuick PCR purification kit (Qiagen) and sequencing was done using a Big Dye Terminator Cycle Sequencing Kit v3.1 (Applied Biosystems, PE; identical protocol as in manual) on a GeneScan 3100 automated sequencer (Applied BioSystems).
Identification of Related Genes in Vertebrates
Because our salamandrid SPF protein sequences have a cysteine-rich domain, this domain was first identified by comparisons with the NCBI domain CDD v3.11 (Marchler-Bauer et al. 2011 ), Swiss-Model v8.05 (Arnold et al. 2006; Bordoli et al. 2008 ) and InterProScan 5 (Mulder et al. 2003; Quevillon et al. 2005) Databases. Next, we used our salamandrid SPF contigs to search for homologous vertebrate sequences using the BLAST algorithms (January 2014) at NCBI on translated nucleotide databases of fishes, coelacanth, amphibians, turtles, crocodiles, birds, reptiles, monotremes, marsupials, afrotherians, xenarthrans, primates, glires, and laurasiatherians. Sequences with the same domain as SPF (i.e., two domains of a three-finger-motif) and a significant BLAST hit (E value <1, coverage 4 70%) were retained for phylogenetic analyses (supplementary table S2 plementary table S3 , Supplementary Material online). Gene predictions were executed on neighboring sequences using PredictProtein release 1.0.88 (Rost et al. 2004) and UniProt release 2013_12. To have the broadest evolutionary representation of the examined salamandrid cDNA sequences, we included the two most divergent sequences per species (as calculated by uncorrected pairwise distances in PAUP* v. 4.2) (Swofford 1998) , together with the precursors of sodefrin in C. pyrrhogaster and silefrin in C. ensicauda (NCBI nrs.: CAB53093 and CAB53094). As plethodontid representatives, we choose one SPF precursor transcript per species for Eurycea guttolineata, Aneides ferreus, Plethodon stormi, and Desmognathus ocoee (NCBI nrs.: AAZ06338, AAZ06335, AAZ06331, AAZ06329, respectively).
Alignment and Phylogenetic Analyses
Retrieved homologous mRNA sequences were translated into protein sequences with ExPASy (Gasteiger et al. 2003) . Because our sequences contain two domains of a threefinger motif, we first checked that these domains stem from the same ancestral TFM-duplication that happened before vertebrate diversification (i.e., that none of the sequences are the result of a more recent TFM-duplication).
To do that, we created an alignment in which TFM1 and TFM2 domains were treated as independent sequences. We used the local-alignment algorithm with generalized affine gap costs and iterative refinement (E-INS-I) with standard parameters implemented in Mafft v7 (Katoh and Standley 2013) , and inferred phylogenetic relationships using MrBayes 3.2.2. (Ronquist et al. 2012) (supplementary fig. S3 , Supplementary Material online). We found a single sequence with a recent TFM duplication, A. carolinensis 09 (supplementary fig. S3, Supplementary Material online) , which was excluded from further analyses. The remaining 95 complete amino acid sequences (from the start codon Methionine to the stop codon, thus including TFM1 and TFM2) were aligned using the local-alignment algorithm with generalized affine gap costs and iterative refinement (E-INS-I) with standard parameters implemented in Mafft v7 (Katoh and Standley 2013) . To evaluate the robustness of our results against alignment ambiguities, five alternative alignment strategies covering a broad range of alternative gap penalties and offset values were applied. In addition, six alignments by L-INS-i (an alternative local-alignment algorithm implemented in Mafft) covering the same range of gap penalties were implemented (supplementary table S3, Supplementary Material online). Branch support was assessed by Bayesian phylogeny inference and ML bootstrapping, using MrBayes 3.2.2. (Ronquist et al. 2012 ) and RAxML 7.0.4 (Stamatakis et al. 2008) , respectively. MrBayes analyses were executed with a mixed prior for the AA substitution model. Two parallel runs of four Markov chain Monte Carlo chains were performed, with a length of 10,000,000 generations, a sampling frequency of one per 1,000 generations, and a burn-in corresponding to the first 2,000,000 generations. Convergence of the parallel runs was confirmed by split frequency standard deviations (<0.01) and potential scale reduction factors (approximating 1.0) for all model parameters. Adequate posterior sampling was verified using Tracer 1.5 (Rambaut and Drummond 2007) , by checking if the runs had reached effective sampling sizes greater than 200 for all model parameters. Bootstrap supports were obtained by performing 500 "rapid" bootstrap replicates, using the WAG + G + I model (choice of model based on the tree with the best likelihood of the EINSI alignment with standard MAFFT gap opening penalty and offset value after 500 bootstrap replicates out of three tested AA substitution models [JTT, WAG and LG] ).
Supplementary Material
Supplementary tables S1-S3 and figures S1-S3 are available at Molecular Biology and Evolution online (http://www.mbe. oxfordjournals.org/).
